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As-prepared and heat-treated oxyfluoride glasses, co-doped with Ag nanoclusters/nanoparticles, are
prepared at 0.15 at.% Ag concentration. The as-prepared glass shows an absorption band in the
UV/violet attributed to the presence of amorphous Ag nanoclusters with an average size of 1.1 nm.
The luminescence spectra of the untreated glass can also be ascribed to these Ag nanoclusters. Upon
heat-treatment, the clusters coalesce into Ag nanoparticles with an average size of 2.3 nm, and the
glasses show an extra surface plasmon absorption band in the visible. These particles, however,
cease to emit due to ascribing plasmonic properties of bulk silver. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4818830]
Luminescent Ag nanoclusters and nanoparticles have
been extensively studied recently for a variety of applica-
tions, such as bio-nanolabels,1,2 UV-driven white light gen-
eration for luminescent lamps and flexible screen monitors,
and down-conversion of the solar spectrum for enhanced
solar cells.3,4 The mechanism of luminescence of Ag nano-
clusters and nanoparticles is still under investigation,1,2
whilst an energy level diagram and microscopic structure of
the most plausible luminescent Ag4
2þ tetramers dispersed
within bulk oxyfluoride glass host have been suggested
recently.5 Luminescent Ag nanoclusters are known to show a
high luminescence quantum yield, which approaches the
yields of commercial phosphors.1–3,6 The plasmon vibrations
(collective oscillations of the conduction electrons) of Ag
nanoparticles and their effect on the luminescence of adja-
cent lanthanide ions have been reported.7–10 However, the
structure and size of the Ag particles responsible for this
luminescence and plasmon effect has not yet been addressed.
In this work, Ag nanoclusters and Ag nanoparticles dis-
persed in as-prepared and heat treated oxyfluoride glasses
are studied by means of high resolution transmission electron
microscopy (HRTEM) and optical absorption and lumines-
cence spectroscopy. The heat treatment was carried out at a
temperature of 350 C, which was selected deliberately
lower than the glass transition temperature of 370 C of this
oxyfluoride glass,11 to assure thermal diffusion of the Ag
ions that occurs within the solid state of the glass host. The
size and structure of the Ag particles responsible for the
luminescence and absorption spectra and for the plasmonic
effects is elucidated for this Ag doped glass.
The preparation procedure and pictures of these bulk
oxyfluoride glasses uniformly doped with luminescent Ag
nanoclusters were reported elsewhere.3,4 The chemical
formula of the glass host is 33(SiO2)9.5(AlO1.5)32.5(CdF2)
19.5(PbF2)5.5(ZnF2), mol.%, and doping was performed by
the addition of AgNO3 to the batch. This oxyfluoride glass
was selected because it is known as good glass former, which
in addition is well capable of dissolving luminescent
dopants, such as lanthanides.11,12 Puratronic grade powder
compounds supplied by Alfa-Aesar were used in the prepara-
tion, and the size of the obtained glasses was about
4 1 0.3 cm3. The as-prepared glasses doped with Ag
nanoclusters were of light gold color due to absorption band
of the Ag nanoclusters in the UV/violet. These glasses were
further heat-treated in air at 350 C for 6 h and longer result-
ing in the Ag-related plasmon absorption band in the visible
part of the spectrum due to larger Ag nanoparticles appearing
upon heat treatment. This plasmon absorption band caused a
red color of the heat treated glass samples. Note that the heat
treatment was carried out at a temperature below the glass
transition temperature, Tg, of these glasses Tg¼ 370 C.
Thus the thermal diffusion of Ag atoms in the course of the
heat-treatment still did occur within the glassy state of the
host.
The samples were prepared for transmission electron
microscopy investigation by crushing bulk glasses with etha-
nol in a mortar and placing several drops of the suspension
onto a holey carbon grid. HRTEM was carried out using a
Philips CM 30 electron microscope, operated at 300 kV.
Selected area electron diffraction (SAED) patterns were
obtained on a Philips CM 20 electron microscope operated at
200 kV. Energy dispersion X-ray (EDX) analysis was per-
formed using a FEI Titan aberration-corrected transmission
electron microscope, operated at 120 kV. 100 Ag nanopar-
ticles have been measured for calculation of nanoparticles
size distribution for each sample. These nanoparticles were
measured in different areas of sample, and we do not show
all TEM images taken from these areas. Instead, we show
the most representative images with the best quality. The
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lack of a fringe contrast of Ag nanoparticles is due to their
amorphous character but not poor quality of image.
Absorbance spectra were recorded with a Bruker Vertex
80V Fourier Transform spectrometer, where the absorbance
spectrum of the undoped glass host was taken as the back-
ground spectrum. The thickness of all samples studied was
1.35mm, and a 2mm diameter area of the samples was
selected by an aperture for measurement of absorbance. The
shape of the plasmon absorption band of the Ag nanopar-
ticles was approximated by classic Mie scattering theory and
Finite Difference Time Domain (FDTD) simulations.
The luminescence spectra have been recorded as
described elsewhere,3–5 taking into account the spectral
response of the setups. The sample size was about
1 1 0.1 cm3, and the area of the samples was substan-
tially larger than the diameter of the excitation beam, and
they all were measured in the same experimental geometry
ensuring the option to compare the relative luminescence
intensities of the different samples.
Fig. 1 shows HRTEM images of the as-prepared (a), (b),
the 6 h (c), (d), and 16 h heat-treated (e), (f) Ag-doped
glasses, respectively. The Ag nanoparticles are visible as
dark contrast spots in the amorphous glass matrix of the all
the as-prepared and the heat-treated glass samples, as marked
with the white arrows. The average Ag nanoparticles size is
1.1 nm in the as-prepared and 2.3 nm in the 6 h heat-treated
sample (see histogram in Fig. 2(f)), as measured from the
HRTEM images. In the 16 h heat-treated sample two subsets
of Ag nanoparticles with sizes about 2.3 and 10–15 nm are
observed. The Ag nanoparticles remain mainly amorphous
in all the as-prepared and the heat-treated glass samples. The
amorphous character of Ag nanoparticles is evidenced by a
lack of fringe contrast that would accompany crystalline
nanoparticles in the HRTEM images of (a)–(d) and also by
the SAED pattern (Fig. 2(g)), taken from the 6 h heat-treated
sample, which contains only diffuse diffraction rings typical
for an amorphous phase.
An elemental analysis of the as-prepared glass sample
was carried out by TEM EDX. In Fig. 2, an Ag signal is
detected in the acquired EDX spectra, confirming the pres-
ence of Ag in the samples. Due to low concentration of sil-
ver, the Ag peaks around 22 and 25 keV are a weak at the
given noise level, as seen in the inset to Fig. 2. Also, several
more pronouncing peaks of silver are detected in range from
0 to 5 keV, confirming the presence of silver in this glass.
FIG. 1. Typical HRTEM images of the as-prepared (a), (b), 6 h heat-treated
(c), (d), and 16 h heat-treated (e), (f) Ag-doped glass samples; dark contrast
features in the bulk of the glasses are the Ag particles; (g) electron diffrac-
tion pattern taken on the 6 h heat-treated sample; the diffuse diffraction rings
are typical for an amorphous material; (h) histogram of size distribution of
the Ag particles: green columns, as-prepared glass sample: magenta col-
umns, 6 h heat-treated; blue columns, 16 h heat-treated glass samples; the av-
erage size is 1.1 nm for the as-prepared, 2.3 nm for the 6 h heat-treated glass
samples, while the 16 h heat-treated sample shows a bimodal distribution
with a substantial amount of 10–15 nm particles.
FIG. 2. TEM EDX spectrum of the as-
prepared Ag doped glass sample. The
region containing the Ag K-lines
around 22 and 25 keV is shown in
more detail as an inset.
073102-2 Shestakov et al. J. Appl. Phys. 114, 073102 (2013)
 [This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
146.103.254.11 On: Fri, 25 Oct 2013 11:15:54
Based upon the TEM EDX spectra, the average total Ag con-
tent was estimated to be approximately 0.156 0.1 at.% in
the as-prepared glass sample.
The optical absorbance spectra of the as-prepared and
heat-treated Ag doped glasses are shown in Fig. 3. To obtain
absorbance spectra solely from the Ag dopants, the absorb-
ance spectrum of the glass host was taken as the background
spectrum for the measurements.
The absorbance spectrum of Ag dopants in the as-
prepared glass does not show any absorption bands in the
visible, only an onset of pronounced absorption in the violet/
UV part of the spectrum (black curve). This absorption band
is ascribed to the absorption of tiny Ag nanoclusters consist-
ing of several Ag atoms, based upon measurements of lumi-
nescence excitation spectra of Ag nanoclusters in this glass
host;3–5 this is also confirmed in the excitation spectra in
Fig. 4(b). The spectra of the Ag dopants in the heat-treated
glasses show a pronounced plasmon absorption band with a
FWHM of 150 nm in the visible part of the spectrum (red
and blue curves). This plasmon absorption band increases in
intensity and red-shifts with heat treatment time. Such a plas-
mon absorption band is typical of Ag nanoparticles.8–10
Taking into account the histogram of Fig. 2(f), we conclude
that the plasmon absorption band emerges when the Ag
nanoparticles reach the average size of 2.3 nm.
The emission and excitation luminescence spectra of the
as-prepared and heat-treated Ag-doped glasses are shown in
Fig. 4; these spectra correspond to luminescence of Ag nano-
clusters, as were shown in Refs. 1–6. A red shift of the exci-
tation wavelength results in a red shift of the emission band
for all glasses (Fig. 4(a)), indicating some size distribution of
the Ag nanoclusters;1–3 the size distribution is also confirmed
in the TEM images in Fig. 1.
A 6 h heat-treatment increases the intensity of the Ag
nanocluster emission band, upon excitation with the same
wavelength (see Fig. 4(a)). A prolonged heat treatment of
the glasses for 16 h results in a decrease of the emission
band. A further heat treatment results in further decrease of
the emission intensity for all excitation wavelengths, as
depicted in the inset of Fig. 4(a).
The long wavelength wings of the excitation spectra in
Fig. 4(b) are similar to the UV/violet parts of absorption
spectra presented in Fig. 3, where only the long wavelength
wings of the UV/violet absorption spectra can be detected
due to the very large absorption coefficient of the samples in
the UV. The position and shape of excitation spectra in Fig.
4(b) and the UV/violet absorption spectra in Fig. 3 corre-
spond to the excitation of emission from luminescent Ag
nanoclusters in organic scaffolds,1,2 oxyfluoride,4–6 sili-
cate,13,14 and phosphate15 glasses. Heat-treatment has a simi-
lar effect on the excitation spectra as on the absorption
spectra: a 6 h heat-treatment results in an increase, and fur-
ther heat-treatment results in a subsequent decrease of both
excitation and absorption intensity. A minor split observed
in the excitation spectra may be related to a split of the
excited state of the Ag nanoclusters, e.g., into two singlet
states.5,16 It is worth noting that the plasmon excitation band
of the Ag nanoparticles, centered around 480 nm in the ab-
sorbance spectrum in Fig. 3, does not result in a detectable
luminescence in Fig. 4(b). This may point out that the Ag
nanoparticles with sizes of 2.3 nm, which are responsible
for the plasmon absorption band centered around 480 nm in
Fig. 3, do not contribute to excitation of Ag luminescence.
FIG. 3. Absorbance spectra of the Ag dopants dispersed in the as-prepared
Ag-doped glass (black curve) and heat-treated Ag-doped glasses (colored
curves). The light and dark green curves show Mie theory calculated plas-
mon absorption peaks for Ag metal nanoparticles of 1.1 (light) and 2.3
(dark) nm diameter in arbitrary units;
FIG. 4. Emission (a) and excitation (b) luminescence spectra of the as-prepared and heat treated Ag-doped glasses; glass labels, detection and excitation wave-
lengths are post-signed, respectively. An inset in (a) shows the integrated intensities of the emission bands excited at 350 (black dots and curves), 400 (blue
dots and curves), and 450 (red dots and curves) nm; the respective color lines are guides to the eye.
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The absorption spectrum of the as-prepared glass shows
a long wavelength wing of the UV/violet absorption band, as
indicated by up-headed arrow in Fig. 3. This band is gener-
ally ascribed to the absorption of Ag nanoclusters, consisting
of several Ag atoms. Indeed, our data are consistent with the
luminescence excitation spectrum of Ag nanoclusters1–6
(Fig. 4(b)). The heat-treated glass samples show an extra
absorption band in the visible, centered around 480 nm. This
extra absorption band is generally ascribed to the plasmon
absorption of Ag nanoparticles of several to several tens of
nanometers in diameter.8,9
We note in Fig. 3 that the plasmon absorption band
appears with a simultaneous decrease of the UV/violet Ag
nanoclusters absorption band, indicating that Ag nanopar-
ticles are formed by coalescence of Ag nanoclusters upon
heat-treatment, resulting in a gradual disappearance of the
Ag nanoclusters. Combining the TEM data of Fig. 1 and ab-
sorbance data in Fig. 3, we can conclude that the Ag particles
with an average size of 1.1 nm do not show any plasmon
effect. On the other hand, the Ag particles with an average
size of 2.3 nm do show a plasmon effect. Thus we conclude
that plasmon vibrations on Ag nanoclusters/nanoparticles
dispersed in glass host start to be active at Ag particle sizes
around 2 nm.
We applied Mie scattering theory to model the plasmon
absorption band of the Ag nanoparticles. Some results are
plotted in Fig. 3 for Ag particles of diameter of 1.1 and
2.3 nm, which were detected for the as-prepared and 6 h heat
treated samples in TEM images of Fig. 1. It can be seen that
the spectra calculated by the Mie theory strongly deviate
from the experimental data. The nearest Mie fit to the experi-
mental spectrum of the 6 h heat treated sample requires Ag
particles with a too large diameter, and diameter distribution,
of about 556 40 nm, which are an order of magnitude larger
than those detected in TEM images of Fig. 1.
Therefore we tried an alternative method to fit the plas-
mon absorption band: the Finite Difference Time Domain
method. In this method, a coupling of the surface plasmon
modes of the individual nanoparticles via Coulomb interac-
tion is taken into account. This coupling is known as plas-
mon hybridization, an electromagnetic analog of molecular
orbital theory,17 and it might be of especial importance for
the high density Ag nanoparticles in a high refractive index
medium of n¼ 1.75 of this glass host. Indeed, the result of
such plasmon hybridization is a substantial spectral broaden-
ing and red shift of the plasmon absorption band, as com-
pared to classic the Mie absorption resonance of individual
spherical nanoparticles of the same size, as seen in Fig. 5.
For example, the experimental absorbance spectrum of 16 h
heat-treated glass sample can be fitted assuming the size of
particles at 2.3 nm, the distribution of interparticle distances
G from 0 to 1 nm and the value of damping rate of collective
oscillations of the conduction electrons 3 times higher com-
paring to bulk silver. According to the TEM images of this
sample presented in Figs. 1(e), 1(f) and 1(h), the particles
with such size parameters comprise a majority of detected
particles. This simulation has been shown as the best fitting
using FDTD method. It demonstrates that plasmon band of
amorphous Ag nanoparticles with size 1–2 nm cannot be
modeled taking into account classical Drude dielectric func-
tion and plasmon hybridization theory.
Therefore, other parameters, apart from the plasmon
hybridization, may be taken into account for further refine-
ment of the fitting of the plasmon absorption band of Ag par-
ticles dispersed in the glass host. In particular, a spatial
distribution of the dielectric functions of the Ag particles and
the surrounding glass host may be considered. The authors
of Ref. 18 modeled the dielectric function of the Ag nanopar-
ticles with sizes of 1–2 nm by density functional (DFT) cal-
culations and showed that such parameters as plasmon
frequency, intra-band transition, and collision frequencies
are completely different compared to the dielectric function
of the bulk silver. Our TEM images support this point of
view because we observed amorphous nanoparticles with a
size of approximately 1–2 nm in our glasses which the
dielectric function can be different from bulk Ag. Note that
for such small Ag nanoparticles as modeled in Fig. 5
(2.3 nm), the surface plasmon mode does still exist (as seen
in absorbance spectra of Fig. 3), although quantum effects
will require correction terms to the classical Drude-like
dielectric function of Ag.19 Additionally, when inter-particle
distances are smaller than 0.3 nm, tunneling effects will
arise.20 At this stage, these quantum effects were not taken
into account in the modeling. The last important factor for
this refinement is the refractive index of the glass host. In
our calculations we assumed a constant refractive index for
the whole glass, but the index can be substantially altered
near the surface of the Ag nanoparticles. In this case one will
observe some gradient of refractive index near the Ag nano-
particles, which should be taken into account.
Luminescence spectra in Fig. 4(a) indicate an increase
and subsequent decrease of the emission band of the Ag
nanoclusters upon heat-treatment. Also, in Fig. 3, we see that
for the 6 h heat-treated sample, the UV/violet absorption
band related to Ag nanoclusters (red curve) becomes stron-
ger compared to the as-prepared sample (black curve). These
two observations point out that luminescence intensity of the
Ag nanoclusters, as well as their absorption coefficient, is
mostly defined by the number of Ag nanoclusters. The
FIG. 5. Plasmon absorption spectrum of Ag doped glass heat-treated during
16 h (grey curve, right Y-axis) and its fits by Mie theory (dashed curve, left
Y-axis) and FDTD simulation (color curves, left Y-axis), which correspond
to Ag-nanoparticles with a diameter of 2.3 nm. The FDTD fitting parameters
are post-signed in inset, where G stands for an inter-particle distance while a
damping rate is 3.
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plasmon vibrations of Ag nanoparticles might amplify the lu-
minescence of smaller co-existing Ag nanoclusters, due to
the plasmon vibrations-induced electric dipole moment for
luminescence transitions.
On the other hand, we note in Fig. 3 for the sample,
which was heat-treated for 16 h, that its UV/violet band (blue
curve) becomes weaker compared to the sample which was
heat-treated for only 6 h. This points out that the amount of
luminescent Ag nanoclusters is smaller in the 16 h heat-
treated sample than in the 6 h heat-treated sample, and it
explains the decrease of luminescence in the former sample
as compared to the latter one, as seen in Fig. 4(b). A further
prolonged heat-treatment resulted in an increase of the plas-
mon absorption band, in agreement with Refs. 8 and 9 and a
decrease of luminescence intensity as summarized in the
inset to Fig. 4(b). Therefore we assume that the increase and
subsequent quenching of Ag luminescence with heat treat-
ment, which is observed in Fig. 4, is related mostly to the
evolution of the amount of Ag nanoclusters. With heat-
treatment, these luminescent Ag nanoclusters coalesce in
larger Ag nanoparticles (Fig. 1), which apparently cease to
emit luminescence due to ascribing the properties of normal
non-luminescent silver metal.3
In conclusion, as-prepared and heat-treated oxyfluoride
glasses doped with amorphous Ag nanoclusters/nanoparticles
of controlled size have been prepared and investigated by
means of high resolution TEM and optical absorption and lu-
minescence spectroscopy. The size and structure of the Ag
particles responsible for the plasmon effects and lumines-
cence is evaluated.
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